Effects of ultraviolet (UV) light on dried graphite anodes were investigated in terms of the cycle life of lithium ion batteries. The time variations for the UV treatment were 0 (no treatment), 20, 40, and 60 minutes. UV-light-treated graphite anodes were assembled for cycle life tests in pouch cells with pristine Li 1.02 Ni 0.50 Mn 0.29 Co 0.19 O 2 (NMC 532) cathodes. UV treatment for 40 minutes resulted in the highest capacity retention and the lowest resistance after the cycle life testing. X-ray photoelectron spectroscopy (XPS) and contact angle measurements on the graphite anodes showed changes in surface chemistry and wetting after the UV treatment. XPS also showed increases in solvent products and decreases in salt products on the SEI surface when UV-treated anodes were used. The thickness of the surface films and their compositions on the anodes and cathodes were also estimated using survey scans and snapshots from XPS depth profiles.
Lithium ion batteries (LIBs) are commonly used as power sources for portable devices. They are also a key to improving the economic and environmental sustainability of vehicles. Many automotive companies and research institutions worldwide are trying to produce affordable plug-in electric vehicles by reducing the cost, volume, and weight of LIBs while concurrently improving the batteries' power, energy, and durability. [1] [2] [3] [4] Improving the performance of LIBs would aid the transition to a light-duty fleet of hybrid electric vehicles and plug-in electric vehicles, which could reduce oil dependence and greenhouse gas emissions. [5] [6] [7] During LIB production processes, the wetting and formation cycles are the most important processes affecting the quality of solid electrolyte interphase (SEI) formation, utilization of electrochemical redox reactions, and even cycle life. 8, 9 Particularly, because graphite is hydrophobic, 10 the electrolyte wetting process takes from a few hours to a few tens of hours, depending on the size and number of battery cells. Because of the hydrophobic nature of graphite, electrodes, especially their pores, do not wet quickly with electrolyte. Thus, the use of a vacuum environment is preferred to accelerate electrolyte wetting into graphite electrode pores; 11 this requires additional equipment and energy.
The surface of the graphite plays an important role in electrolyte wettability, reduction potential, and SEI formation. 8, 10, 12, 13 For example, heat or acid treatment of graphite surfaces changes oxygen levels and affects SEI formation and reversible capacity. 14 Effects of other surface treatments on SEI formation have also been reported. [15] [16] [17] [18] Increasing hydrophilicity of hydrophobic graphite improves electrolyte wetting, especially in small pores. 19 In the polymer industry, carbon nanotubes have been used as strength-enhancing materials in polymer structures, 20 but the carbon nanotubes do not disperse well in the polymer matrix because their surfaces are hydrophobic like graphite. Collins et al. found that carbon nanotube surfaces exhibit extreme oxygen sensitivity, 21 but Savage et al. and M. Lebron-Colon et al. showed that UV and acid treatment can control oxygen levels on these surfaces to improve hydrophilicity, resulting in better wettability. 22, 23 Naoi et al. study also showed that oxygen atoms on carbon surfaces interacted with lithium ion electrolyte more because they induce high electron density around oxygen atoms and polarities. 24 This interaction may affect electrolyte wetting on the graphite surfaces. Oxygen atoms on graphite surfaces also seem to play an important role in stable SEI formation. According to heat-treatment studies, heat-treated graphite particles under inert gas atmosphere resulted in low oxygen * Electrochemical Society Member.
z E-mail: wooddl@ornl.gov contents on the graphite surfaces and exfoliations during formation cycles while the exfoliations were mitigated after they were oxidized again. 25, 26 Treatments with chemicals such as HNO 3 and (NH 2 ) 2 S 2 O 8 also increased oxygen levels on carbon particles and caused an increase in the reversible capacity. 27 On the other hand, a recent study showed that natural graphite having high oxygen contents had less capacity retention than the graphite having lower oxygen contents. But, when the graphite further lost oxygen, the capacity retention slightly decreased, which, however, was still higher than the natural graphite. 28 Hence, optimum oxygen content levels (or types of oxygen contents) on graphite surfaces seem to exist for the SEI formation and cycle life although types of oxygen functional groups on a graphite surface and their functionality are still not fully understood.
Since acid can destroy graphite structures, ultraviolet (UV) light in air atmosphere was chosen in this study to control oxygen levels on anode graphite surfaces. UV light was applied to common graphite anodes to improve their wettability by the electrolyte and enable uniform and stable SEI formation and extended cycle life. Full cells in pouch form were prepared for preliminary testing with 600 aging cycles and detailed testing with 300 aging cycles. The graphite anodes were exposed to UV light for varying periods of time prior to the full cell assembly. Li 1.02 Ni 0.50 Mn 0.29 Co 0.19 O 2 (NMC 532, also called NCM 523) cathodes without UV treatment were used as cathodes for all of the full cells. C-rate and cycle life tests were conducted for electrochemical performance evaluation. Electrochemical impedance spectroscopy (EIS) and X-ray photoelectron spectroscopy (XPS) were adopted to investigate resistance and analyze the surface elements, respectively. XPS depth profiles were used to estimate SEI thicknesses and compositions.
Experimental
Anode and cathode electrodes were coated on one side of copper and aluminum foils, respectively, using a slot-die coater (Frontier Industrial Tech.). To avoid bending the single-side electrodes during cell assembly, a calendering process was not applied. The cell chemistry and construction are given in Table I . To treat the graphite anodes, 5000-EC UV curing lamps (Dymax Corp.) were used. The UV lamps had 400 W of output power (225 mW cm −2 ) and delivered concentrated light primarily in the UVA range, 320-390 nm wavelength, to achieve maximum UV penetration depths. In case of carbonate sand, UVB penetrates 100 μm depth with 90% of the incident intensity. 29 Since UVA penetrates into a substrate more than UVB, UVA used in this study can penetrate through the 65 μm thick anodes with more than 90% of the incident. A12 graphite anodes were exposed to the UV light for different periods of time, 0 (no UV treatment), 20, 40, and ). The electrode processing from powders to wet-coating-and-drying did not change since UV was applied to fully dried electrodes on current collectors. All UV-treated anodes and pristine cathodes were kept in an evacuated oven in a dry room (RH 0.2% at 21
• C) to minimize the moisture content in the electrodes until immediately before they were used for the cell assemblies. Each UV-treated anode was inserted into a pouch cell with a pristine NMC 532 cathode, an electrolyte consisting of 1.2 M LiPF 6 in ethylene carbonate (EC):diethyl carbonate (DEC) (3:7 by weight), and a trilayer separator ( Table I ). The cell assemblies were carried out in a dry room to avoid negative effects of moisture on the battery performance. 30 The different electrode combinations of the pouch cells and their group names are listed in Table II . Three UVtreated (60 minutes) and three untreated pouch cells were prepared for preliminary testing. After the preliminary testing, twelve additional pouch cells were prepared for four different combination groups with three cells in each group.
The pouch cells were tested using a battery tester (Series 4600, Maccor Inc.) connected with a temperature chamber (ESPEC Corp.) at 30
• C. The cells went through three formation cycles, C-rate performance tests, EIS to test initial resistance, cycle life testing (300 cycles), and EIS to test the resistance increase after cycle life testing. All charging and discharging were performed between 2.5 V and 4.2 V at different C-rates. Charge and discharge rates of C/20 were applied for formation cycles in which 1C was based on 160 mA g −1 . For the C-rate tests, C/5 was applied until the voltage reached 4.2 V, followed by a constant voltage charge until the current dropped to C/20. Then the cells were discharged at various C-rates (e.g., C/5, C/2, 1C, 3C). After the C-rate tests, 1C charge and discharge rates were applied for 300 cycles for cycle life tests.
Impedance measurements were taken before and after the cycle life tests using VSP potentiostat systems (Bio-Logic Science Instruments SAS). The measurements were performed at discharge capacity increments of 25%. The EIS frequencies ranged from 400 kHz to 10 mHz with 5 mV oscillation amplitudes. EC-Lab software was used to analyze the ohmic resistance (R ohmic ), surface film resistance (R sf, or passivation layer resistance), and charge transfer resistance (R ct ).
After the cycle life tests, the anodes and cathodes were analyzed by XPS (K-Alpha, Thermo Scientific). All cells were discharged until the cell voltage reached 2.5 V before disassembly. Specimens for XPS were harvested from the tested pouch cells and washed using a DEC solvent in an argon-filled glove box. The washed specimens were dried in the glove box for at least 24 hours and transferred to the XPS using a vacuum transfer module (VTM, Thermo Fisher Scientific). The VTM was evacuated again in the ultra-high vacuum (<10 −9 millibar) chamber of the XPS. Thus, specimens were never exposed to air. A 400 μm X-ray beam was used for survey scans and depth profile snapshots to obtain average percentages of the elements in a large area of an electrode. A flood gun was turned on to avoid a charge buildup at the specimens, which were placed on a glass plate. Depth profile analysis was carried out after every 10 second etching cycle for 60 levels. The Ar ion gun for etching was set at 1 keV.
Results and Discussion
Cycle performance.-First sets of experiments included UV 0 min group and UV 60 min group for preliminary cycle life testing. They were tested for 600 aging cycles and showed positive effects of UV treatment on the cycle life ( Figure 1a ). Since the first sets showed promising results for extending the cycle life, new sets of experiments were designed for detailed analysis with four different UV groups (UV 0 min, UV 20 min, UV 40 min, and UV 60 min). Initial discharge capacities were measured at various discharge rates (C/5, C/2, 1C, and 3C) after charging at a C/5 rate. The average capacities with 90% confidence intervals (error bars) at each C-rate are shown in Figure  1d . Before the aging cycles, all test groups showed almost the same capacities at the same discharge C-rate up to 1C: 162 mAh g −1 at C/5, 156 mAh g −1 at C/2, and 150 mAh g −1 at 1C. But from a 3C discharge rate, the capacity from the UV 0 min group (133 mAh g −1 ) began to deviate from the other groups with about 3 mAh g −1 lower capacity than the UV-treated groups (136 mAh g −1 ). We note that the effect is small before aging testing, with all groups within the error range.
Figures 1a and 1b show average capacities of preliminary tests and verification tests with 90% confidence intervals, respectively, during cycle life tests at 1C charge and discharge rates. All groups started at similar capacities, near 140 mAh g −1 . After 300 cycles of cycle life tests, the capacity fade of the UV 40 min group, 0.0433 mAh g −1 cycle −1 , was the slowest among all groups. The capacity fades of the UV 20 min and the UV 60 min groups were the second slowest and were almost identical, 0.0560 mAh g −1 cycle −1 . The UV 0 min group showed the fastest capacity fade, 0.0623 mAh g −1 cycle −1 (44% faster than UV 40 min group). All of these capacity fade rates were slightly high because no calendaring process was used on the electrodes and because of the high C-rates. Figure 1a (preliminary test) and 1b (verification test) show good agreements of UV 0 min and UV 60 min group not only in average capacities but also in error ranges, implying that the UV treatment also affected reproducibility. Cell-to-cell variations at the 300th cycle were the smallest for the UV 40 min group, 1.5% (2 mAh g −1 ), and the largest for the UV 0 min group, 8.2% (10 mAh g −1 ). The variations for the UV 20 min group and 60 min group were 2.1% (2.6 mAh g −1 ) and 2.9% (3.6 mAh g −1 ), respectively. Figure 1c shows capacities at C/5 measured at every 50 cycles of the cycle life tests. Each loop on the x-axis includes 50 cycles from previous measurements. After 300 cycles (at the sixth loop), the capacities at C/5 from the UV 40 min group were again the best, 145 mAh g −1 , followed by the UV 20 min group, 143 mAh g −1 . The capacities of the UV 0 min and the UV 60 min groups were almost the same, 142 mAh g −1 . Unlike the results of the cycle life testing, UV 40 min group had lower discharge capacities than other groups during formation cycles (Figure 2 ). At the first formation cycle, the discharge capacity and irreversible capacity losses (ICL) from UV 40 min group were 137 mAh g −1 and 14 μAh g −1 (17% loss from the charge capacity), respectively, while those from other groups were close to 160 mAh g −1 and 15 μAh g −1 (15% loss from the charge capacity), respectively. Then, at the third cycle, these from all groups converged to 162 mAh g −1 and 0.14 μAh g −1 (0.02% loss from the charge capacity). The summations of ICL for three formation cycles were 0.0154 μAh g −1 in UV 0 min group, 0.0152 μAh g −1 in UV 20 min group, 0.0156 μAh g −1 in UV 40 min group, and 0.0156 μAh g −1 in UV 60 min group. Since it is believed that ICL is related to SEI formation, it is possible that the SEI layer was formed during the formation cycles more in UV 40 min and 60 min groups than the other groups, which, later, might contribute to the increase in the cycle life of UV 40 min and 60 min groups.
Impedance.-Resistances were analyzed using EIS. Nyquist plots from a representative pouch cell in each test group are shown in Figure 3 . Average resistances from all EIS measurements are summarized with 90% confidence intervals at each group in Figure 4 . The Figure 4a . Instead of capacitor elements in the model, constant phase elements were adopted to accommodate the imperfect capacitor behavior in a large porous electrode. Warburg elements at low-frequency domains were not included in the EIS data fitting because they were related to solid-state diffusion rather than resistance. The ohmic resistance (R ohmic ) had large error bars for every group because 12 different channels of a VSP potentiostat system were used for the EIS measurements in this study. Unlike surface film (R sf ) and charge transfer (R ct ) resistance, R ohmic involves resistance not only from a battery cell but also from the cables between a cell and a potentiostat system and from the electrical connections at every socket and clip. Hence, R ohmic varies when different potentiostat systems are used.
Although the R ohmic in this study had large error bars because of the different potentiostat systems, it was found that overall R ohmic slightly decreased by 2-5 Ohm-cm 2 after 300 cycles. This decrease might have occurred as the separators and electrodes were rearranged and became more compact as a result of the pressure on the pouch cells from the metal guide plates holding the cells and electrode swelling. When the separators become compact and thinner, the electrolyte resistance decreases because the distance between the anodes and cathodes reduces. In addition, when electrodes are pressed under the metal holder for a long time, particles in the electrodes move closer, lowering the contact resistance between particles. Thus, a slight decrease in R ohmic is likely caused by better particle-to-particle contacts in electrodes and the closer distances between electrodes as cells are held under pressure.
Before the cycle life tests (Figure 4a ), R sf decreased as the time period of the UV treatment increased. After 300 cycles of the cycle life tests (Figures 4b and 4c) , the R ct increased significantly for the UV 0 min group, by 10-15 Ohm-cm 2 , while the R ct for the UV 40 min group showed the smallest increase (2-5 Ohm-cm 2 ). The general relationship between current density (i) and overpotential (η) is expressed by Butler-Volmer equation. 31 When the concentration on the electrode surface is similar to the bulk concentration, the redox reaction is dominated by charge transfer. Then, the R ct can be obtained by solving the Butler-Volmer equation for η/i and is a function of exchange current density (i 0 ) and transfer coefficient (α or reaction order) when cells are tested under the same conditions. Since large differences in R ct were observed between the UV-treated and untreated groups, UV treatment might affect exchange current density, the transfer coefficient, or both at the electrodes.
The R ct and R sf shown in Figure 4 involve both the anode and cathode. Thus, the resistance of each electrode is not clear. In threeelectrode pouch cell study with electrodes that were not UV-treated, the resistance at the cathode was about 1.5 times above 3.7 V and 10 times near 3.5 V higher than that at the anode. Figure 5a shows the anode resistance and cathode resistance measured by a hybrid pulse power characterization (HPPC) technique with the three-electrode cell. Since resistance near 3.5 V from the cathode side is much higher than that at the anode, it is assumed that most of the R ct and R sf near 3.5 V in Figure 4 were from the cathode side. In the contrast, the resistance above 3.7 V from anode accounts for a significant portion (ca. 40%) of the total resistance, implying changes on anodes can affect total resistance significantly. The cathode voltage at the fully charged state can reach 4.3 V (Figure 5b ). 4.3 V is the threshold voltage where transition metals start dissolving out from NMC particles to electrolytes. 32 As the three-electrode cells were cycled, the anode voltage gradually increased due to loss of lithium to passivation layers. The increase in voltage at the anode does not significantly change anode surface properties. However, the cathode voltage steadily increased above 4.3 V to maintain a net cell voltage of 4.2 V. Pushing the cathode voltage about 4.3 V likely resulted in the release of transition metals. 32, 33 Losing transition metals from the particles will change the surface properties of the NMC, affecting both charge transfer and passivation layer formation on the cathode. Hence, it is reasonable to expect that small changes on the anode could cause significant changes not only on the total resistance but also on the cathode. Solid electrolyte interphase analysis.-Surface films at both the anode (SEI layers) and cathode (passivation layers) were analyzed using XPS. Figure 6 shows the surface elements on the anodes with and without UV treatment. Before cell assembly and any testing (Figure  6a) , the amount of carbon on the anode increased as UV treatment was applied, whereas the amounts of all other elements decreased. The oxygen and nitrogen existing on the surfaces of the A12 graphite and carbon black decreased after the UV treatment. The amount of nitrogen after UV treatment was below the detection limit of the XPS instrument. The contact angles of the graphite anodes were measured using water instead of DEC because water showed much clearer contact angle: It's challenging to measure contact angles of DEC on graphite anodes with a sessile drop due to high DEC wettability to the surfaces, resulting in very small contact angles. The contact angles and images of the measurements are illustrated with respect to different durations of UV treatment in Figure 7 . The contact angles decreased from 115
• at the UV 0 min to 102
• at the UV 40 min. Then, the angle increased again to 111
• at the UV 60 min. According to a water splitting study using graphene from Xu et al., the hydrophobic surfaces of graphene became hydrophilic as the graphene was irradiated by UV light, 34 which could be the reason why the graphite electrodes became more hydrophilic as the durations of UV treatment increased. However, it was not clear why the contact angles increased from the UV 40 min to the UV 60 min. UV treatment might affect not only graphite but also other inactive components (binder, conductive material, or both) after the long UV light exposure. These results of the contact angle measurements and the XPS analysis show that the UV light changed the surface chemistry of the anodes and might affect electrolyte wetting after cell assembly. Because the hydrophilic property highly enhances the affinity of graphite electrodes for the electrolyte, the electrolyte can wet the electrodes fast and distribute widely, resulting in uniform SEI formation during the formation cycles.
After 300 cycles of life tests, UV-treated groups showed different element percentages on the surfaces of the SEI layers ( Figure  6b) . Compared with the non-UV-treated group, the UV-treated groups showed higher carbon and oxygen content, which are components of solvent decomposition products (e.g., lithium carbonate, Li 2 CO 3 , and Li 2 O); whereas the fluorine, which is a component of salt products (e.g., LiF), decreased. It was assumed that the amount of fluorine from the binders did not change, since the same amount of the binder was used at all anodes. Since the SEI is composed mainly of lithiumassociated compounds, 35, 36 normalizing the element percentages by the lithium percentages provides a better understanding of its composition. Figure 6c and Table III show the ratios of other elements to lithium at the anode and their theoretical element ratios to lithium. As Table III shows, all lithium-associated oxygen compounds were solvent products and increased when the electrodes were treated with UV light (Figure 6c) .
On the other hand, phosphorus, existing as the salt product Li x PF y , is the only element whose ratio to lithium did not change after UV treatment. One molecule of LiPF 6 can decompose and precipitate as 
where R represents hydrocarbon groups. HF is generated by a side reaction of decomposed LiPF 6 salt products with water impurities in the electrolyte or traces of water adsorbed on the graphite or NMC 532. The surface film thicknesses of both the anode and cathode were estimated using XPS depth profiles. The depth value on the y-axis shown in Figure 8 is the distance from the outer surface. Since direct correlation of SEI film thickness with etching rates has not been reported, the distance is calculated based on the assumption that the surface film had a similar etching rate to silicon oxides. This technique is used to compare relative changes in thickness within the sample groups although the accuracy using this technique can significantly vary depending on target properties such as uniformity, density, element distribution, etc. The thickness of the surface film was estimated using element distributions across the depth from the surface. A 400 μm X-ray beam was used for survey scans and depth profile snapshots to determine the average element distribution in a large area Table III . Representative compounds on an SEI surface and binder and the ratios of their elements to lithium. Based on hypothesis 1 and 2, the percentages of Li, F, and O in the XPS spectra should increase in the SEI layer on the anode (or the passivation layer on the cathode) as the SEI (or the passivation layer) is etched; and they should be highest when the etching reaches the graphite/SEI interface of the anode and the NMC/SEI interface of the cathode. Hence, for the anode in Figure 8a , the thickness of the SEI layer should be the distance between the top surface of the SEI, 0 nm, and the depth (numbers and dashed lines in white) at which the counts per second (CPS) of the elements are highest in the Li 1s, O 1s, and F 1s spectra. The average thicknesses of the SEI layer based on the elements are shown in red on the P 2p figures. These average thicknesses corresponded well with the depth at which the graphite C-C peaks appeared at C 1s, which agrees well with hypothesis 3. For the cathode, the thicknesses of the passivation layer shown in Figure  8b were based on hypotheses 1, 2, and 4.
Ratio to lithium
The average thicknesses of the layer at the cathode are shown on the O 1s figures. The smallest average thickness of the SEI layer at the anode, 2.4 nm, was from UV 20 min and UV 40 min, followed by UV 0 min (2.6 nm) and UV 60 min (3.2 nm). The smallest average thicknesses of the passivation layer at the cathode were from UV 0 min (2.7 nm), followed by UV 20 min (3.7 nm), UV 40 min (4.6 nm), and UV 60 min (8.4 nm). The calculated thickness showed that surface films at the cathode were thicker than the ones at the anode. The actual thickness might differ from the calculation because the etching rate varies depending on the chemistry and density. Overall, XPS analysis agrees well with the resistance analysis and three-electrode voltage analysis showing that changes on the anode caused larger changes on the cathode.
The average thicknesses of the SEI (or passivation layer) from all of the UV treatment groups were used as depth levels for the SEI layer (or passivation layer) analysis. XPS element snapshots were taken at the outer surface and at every level of the etched surface from the surface to the near-average SEI (or passivation layer) thickness. Table IV and Figure 9 show the XPS spectra of Li 1s, C 1s, O 1s, F 1s, and P 2p with possible SEI (or passivation) layer compounds at indicated binding energies. The bold italic numbers in Figure 9 denote the thicknesses close to the SEI (or passivation layer) thickness estimated in Figure 8 . Unlike the thickness analysis illustrated in Figure 8 , the composition analysis within the SEI layer (from 0 nm to the indicated thickness at each group) does not show clear differences among all UV groups on the anode side (Figure 9a ). They all have compact lithium compounds near the SEI/graphite interface (e.g., LiF in F 1s and P 2p spectra, Li 2 O in O 1s spectra) and bulk lithium compounds near the outer surface of the SEI (e.g., R-CH 2 OCO 2 Li in O 1s).
The cathode shown in Figure 9b , on the other hand, does not show clear evidence of Li 2 O or lithium carbonates. Instead, significant amounts of salt and polymerized EC products were detected (Figure 6 ) peaks and binder (-CH 2 CF 2 -) peaks are also too close to each other to differentiate them. Similarly, it is hard to differentiate the compositions of the passivation layer (from 0 nm to the indicated thickness at each group) among the cathodes in the different UV groups. However, it was clear in Figure 9b that the passivation layers at cathodes with UV-treated anode groups had less transition metal (TM-O at O 1s), less salt products (LiPF 6 at F 1s) and more solvent products (carbonate at O 1S) than those at the cathodes with the untreated group. Especially, high transition metal (TM-O at O 1s) on surfaces of the passivation layers (0 nm) with untreated group is the evidence that transition metals dissolved out from the NMC particles. This result supports the resistance and three-electrode analysis showing changes at anodes significantly affected cathodes.
Conclusions
Dried graphite anodes were treated with UV light for different periods of time to improve the cycle life of graphite/NMC 532 LIBs. The anodes were more hydrophilic with UV treatment and were most hydrophilic when treated for 40 min.
Similarly, when treated by UV for 40 min, the electrodes demonstrated the highest capacity retentions during 300 cycles of life tests with 1C charging and discharging rates between 2.5 V and 4.2 V while the electrodes without UV treatment showed the fastest capacity fade. Charge transfer resistance increased after 300 cycles of life tests whereas maximum and minimum increase were observed from electrodes without and with 40 min UV treatment, respectively.
According to XPS analysis, UV treatment lowered the amounts of fluorine and oxygen on the surfaces of pristine anodes. The SEI was composed of more solvent products and fewer salt products on UV-treated anodes than on the untreated one. The average thicknesses of the SEI layers at the anode were the smallest at UV 20 min and UV 40 min, followed by UV 0 min and UV 60 min. The average thicknesses of the passivation layer at the cathode were smallest at UV 0 min followed by UV 20 min, UV 40 min, and UV 60 min. The average thickness of the surface film was lower at the anode than at the cathode. Transition metal oxides detected on the top surfaces of Figure 9 . Element snapshots from XPS depth profiling and their related compounds at the anode electrodes with different UV treatments (a) and the cathode electrodes (b) used with the UV treated anodes. The bold italic numbers denote the thickness close to the SEI or passivation layer, as estimated in Figure 7 .
the passivation layers with the untreated group provided evidence that transition metals dissolved out from the NMC particles.
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